Type 2 (non-insulin-dependent) diabetes mellitus is known to have a strong genetic basis and is among the commonmost metabolic disorders both in developed and developing countries [1] . It has enormous public health consequences with a two-or three-fold increase in cardiovascular mortality rates and a large cost in terms of morbidity and disability [1] . Despite considerable research into the aetiology of Type 2 diabetes, the nature of its inheritance remains unknown.
J.V. Neel, the American geneticist, first referred to diabetes as a "geneticist's nightmare" [2] . He pointed out that the phenotype is probably heterogenous, has an unknown basis and is not clearly defined; it has a variable age of onset and is influenced in its manifestations by environmental factors. In the 1970's a major cause of heterogeneity was clarified with the distinction between Type I (insulin-dependent) diabetes, with its immunological basis and major histocompatibility complex associations, and the more common non-insulin dependent or Type 2 diabetes [3, 4] . Indeed, this has led to the characterisation of a major susceptibility gene for Type 1 diabetes [5] . In 1980 David Comings perceived the dawn of a new era in human genetics which was to be brought about by recombinant DNA technology, and commented, "Since the degree of departure from our previous approaches and the potential of this procedure are so great, one will not be guilty of hyperbole in calling it the New Genetics" [6] . The rate at which genetic diseases have been mapped and characterised in the subsequent decade have justified this dramatic appelation. In spite of these advances Type 2 diabetes has not yet divulged its genetic secrets to investigators. Some of the reasons for the slow progress will be discussed, in order to indicate how previously encountered difficulties might be overcome. This may also be relevant to other common disorders with a major genetic component, such as the hyperlipidaemias.
Lessons from other diseases
Recombinant DNA technology has led to a revolution in medical genetics, including the chromosomal localisation of several genetic diseases for which no biochemical defect is known. Using restriction enzymes and radioactively-labelled DNA probes, differing lengths of non-coding DNA sequences or single base-pair changes at restriction enzyme cutting sites are identified as DNA restriction fragment length polymorphisms (RFLPs) [7] . These have rendered most of the genome amenable to investigation [8] . The main successes in the definition of disease markers have used the techniques of linkage analysis of RFLPs in pedigrees as the initial strategy. Initially, diseases with a clear mode of inheritance and presentation in childhood such as cystic fibrosis [9] and Duchenne muscular dystrophy [10] , were successfully localised. Using the same techniques, markers for diseases with some age-dependent penetrance, such as adult polycystic kidney disease [11] , multiple endocrine neoplasia [12] , polyposis coli [13] and the neurofibromatoses [14] have also been found. Even conditions which have been thought to have a complex multifactorial basis, such as Manic-Depression [15] and Aizheimer's disease [16] have proved amenable to investigation; genetic markers have been reported for both diseases. Given the proven track record of linkage analysis in large pedigrees as an initial step in the genetic localisation of inherited disorders it would appear that the potential application of these techniques to Type 2 diabetes should be examined critically.
Population studies of Type 2 diabetes and their limitations
A large number of studies have examined the allelic frequencies of particular genetic markers in Type 2 diabetic versus non-diabetic populations in an attempt to find a marker that may be in linkage disequilibrium with a disease-causing gene. Significant positive associations with Type 2 diabetes have been reported for various HLA antigens in African Blacks [17] , Pima Indians [18] and Finns [19] ; with the Rhesus blood group and Haptoglobin polymorphism in Mexican Americans [20] and with the 5'-flanking region of the insulin gene in Danish Caucasians [21] and in a racially mixed United States population [22] .
Emery has clearly pointed out the limitations of this form of study [23] , including the high risk of obtaining a spuriously positive result, particularly if the control group is not matched closely for ethnic background. Positive disease associations with genetic markers in a population are often interpreted as implying linkage disequilibrium between the marker and a nearby "disease" gene. Linkage disequilibrium implies that a disease-causing mutation originally occurred in one individual or in a small population of subjects who had a specific allele at a nearby genetic "marker" locus. These two loci were physically so close that throughout the generations of descendants of the original affected subject/subjects, they have not been separated during meoitic recombination, despite the many opportunities for this to occur. A single recombination event in an affected individual is amplified in his descendants and linkage disequilibrium may be lost in the contemporary population. For these reasons, linkage disequilibrium exists only across very short chromosomal distances, of the order of 100 kilobases (kb) [24] . Indeed if a mutation had occurred far in the evolutionary past, with many subsequent opportunities for recombination, it may not even be possible to demonstrate linkage disequilibrium over much shorter distances.
Thus, association studies relying on linkage disequilibrium in a population are not powerful ways of searching for genetic markers linked to a disease, although they can be useful once a candidate gene has been identified.
Linkage analysis
Linkage analysis is a statistical technique that has been used in classical genetics since 1911 [25] . Two genetic loci that are physically close on the same chromosome are unlikely to be separated during the meiotic division which occurs during the formation of gametes. The likelihood of separation increases, non-linearly, with chromosomal distance. By studying the inheritance of genetic markers in pedigrees, linkage analysis allows estimation of the genetic distance between two such markers on the basis of the number of recombination events that have occurred between them. Within a family the changes that a crossover at meiosis will separate adjacent genes is much less likely than in a population. Thus, family studies can detect linkage up to a distance of about 15,000 kb compared to the 100 kb for linkage disequilibrium in a population [24] . This makes it feasible to study random, highly polymorphic markers which are not necessarily very close to the disease locus rather than restricting studies to candidate genes, which may have limited polymorphism.
One can estimate the number of informative meioses (and therefore pedigree size) required to find linkage. Given a marker which recombines with the disease at a rate of 10% then, on average, 19 meoises will be required to prove linkage and approximately 9 to reject it unequivocally [24] . This underlines the need for large, well-defined families.
Family studies of Type 2 diabetes
Linkage analysis in diabetic families has been attempted particularly in the specific type of diabetes referred to as maturity-onset diabetes of the young (MODY) in which there is clearly defined dominant inheritance of a mild form of the disease which presents in the second or third decade [26] . Candidate genes such as the insulin [27] and insulin receptor genes [28] have been examined and there has been no convincing linkage in any family although a role for a rare insulin receptor allele in some families has been proposed [28] . As yet, there have been no reports of systematic linkage studies of MODY using random highly polymorphic DNA RFLPs such as has been undertaken in other diseases, although studies of the more traditional protein and erythrocyte enzyme polymorphisms in MODY pedigrees have to date been unsuccessful [29] .
MODY families, with definite dominant inheritance over 3 generations, are rare; but will continue to be useful in future linkage analysis studies. As the phenotpye in this condition differs from "common" Type 2 diabetes in age of onset and natural history there is a probability that the genetic defects in these conditions may be unrelated.
Definition of the mode of inheritance of Type 2 diabetes
It is essential to define the mode of inheritance of a disease in the families under investigation before attempting to study its genetic linkage. The identical twin studies of Barnett, Pyke et al. showing a near 100% concordance in non-insulin-dependent diabetic pairs [30] , point to a major genetic determinant, but tell us nothing about whether the inherited defects are monogenic or polygenic. In three populations where diabetes is common, a bimodality of glucose tolerance has been demonstrated, which strongly suggests a major single gene influence on the development of diabetes [31-331. The problem of defining the inheritance of Type 2 diabetes is complicated by difficulties in ascertainment of families due to the late age of onset of the condition and the unreliability of a family history in a condition which is commonly sub-clinical. Family studies performed before the realisation of the distinction between Type 1 and Type 2 diabetes are very difficult to interpret [34, 35] . The important role of other factors such as obesity and physical inactivity in making a sub-clinical defect clinically apparent means that a diabetic trait may not be apparent in a thin, fit person.
The studies of K6bberling and colleagues [361 attempted to overcome these problems by applying a statistical method developed by Stromgren [37] which included an age-correction of the probability of detecting diabetes in each first-degree relative of a diabetic proband, by taking into consideration the fraction of the lifetime risk of diabetes that had already passed. The latter was calculated from the age-specific prevalence rates in the population concerned, and the actual prevalence of diabetes in siblings, children and parents was adjusted to the predicted eventual prevalence if all members of the family reached 80 years of age. Using these methods Krbberling et al. predicted that between 43 and 45% of siblings, parents and children of Type 2 diabetic patients would eventually have diabetes if they live to 80 years of age, a percentage obviously suggestive of autosomal dominant inheritance [381.
Similarly O'Rahiily et al., without applying the Stromgren method but using a sensitive continuous infusion of glucose test with an age-correction for the criterion of glucose intolerance, found that 31% of siblings (mean age 54 +_ 12 years) of diabetic patients who presented at over the age of 40 years were either diabetic or glucose intolerant [39] . Whilst this would be in accord with the data of K6bberling implying an autosomal dominant inheritance, the data of O'Rahilly et al. also suggested a "gene dose effect" which is important in relation to defining suitable families for linkage analysis. Patients who presented with diabetes before the age of 40 (early-onset diabetes, EOD) were found frequently to have both parents affected with diabetes or glucose intolerance. Thus, the early presentation of Type 2 diabetes may represent a homozygous presentation of a diabetogenic gene or genes. This hypothesis was supported by 69% of the siblings of EOD patients being either diabetic or glucose intolerant, which is not significantly different from the 75% expected by Mendelian inheritance from 2 heterozygote parents.
IF EOD is due in part to "double-gene dose" it is surprising that studies of the offspring of conjugal diabetic parents have not revealed a high incidence of early-onset diabetes [40] [41] [42] , although this is suggested in a study by Viswanathen [43] . Most studies of the offspring of conjugal diabetic parents were carried out before Type 1 and Type 2 diabetes were separated, which may explain some of the discrepancies.
Further studies are needed to clarify any possible heterogeneity and it is possible that diabetes can arise from interaction of several genes affecting B-cell function and insulin action. Nevertheless, it seems likely that a common form of Type 2 diabetes is inherited as an autosomal dominant with a penetrance dependent on both age and obesity, a view supported by a recent WHO expert committee on diabetes [44] .
Ascertainment of Type 2 diabetic pedigrees for linkage studies
For linkage analysis in a disease like Type 2 diabetes where there is a potential for genetic heterogeneity, it is probably better to study a limited number of large pedigrees rather than many small nuclear families. Three generation pedigrees are preferable as these provide extra information about the relationship between the disease and the marker. The problems associated with the ascertainment of large families suitable for linkage analysis in diabetes can be summarised as follows:
Age of onset of disease
The late age of onset of a majority of cases of non-insulin-dependent diabetes means that in most families one or both parents of the proband are dead. On the other hand, the affected children of middle-aged par- 
Excess mortality
This exacerbates the previous problem as it increases the likelihood that the crucial affected parent of a middle-aged diabetic proband will have succumbed to cardiovascular disease and therefore not be available for DNA analysis.
High disease prevalence leading to genetically complex families
On first reflection a high disease prevalence may not seem to be a problem as it eases the ascertainment of probands. There are three related aspects:
a) Diabetes in the untested, assumed-normal spouse.
Type 2 diabetes has a prevalence of approximately 6-8% in the 7th decade in most Caucasian populations [1, 45] . It is therefore likely that some apparently normal spouses of affected family members might be contributing diabetogenic genes to the family. This could lead to a misinterpretation of results, and it is crucially important that all members of the family, including spouses, are tested for impaired glucose tolerance.
b) Families with more than one known diabetic individuaL
Pedigrees with a high prevalence of diabetes are likely to come to the attention of genetic investigators as a potentially valuable family for linkage analysis. If families with more than one known diabetic individual are chosen, this may introduce bias towards ascertaining families with more than one source of diabetic genes. A particular problem might arise if a family includes a diabetic individual presenting less than age 40 years (EOD), as then both parents are likely to be affected [39] . Similarly, if several siblings have diabetes it also probably increases the chance that both parents were affected. Figure 1 shows such a pedigree, which at first seemed suitable, until careful examination of hospital records revealed that both subject lI1 and subject II2 had diabetes late in life. Obviously, one could seriously misinterpret the failure of two affected siblings in generation III to share a candidate haplotype, if one were not aware that both parents had diabetes. This type of complex pedigree makes linkage analysis very difficult.
c) Distinction between early-onset Type2 Diabetes (EOD) and MODY. Patients presenting with diabetes
in the 25-40 year old category are sometimes termed "MODY", in the absence of a family tree strongly suggestive of dominant inheritance [46] . Many of the pedigrees of Fajans et al. which were described as MODY families had two affected parents and the patients presenting at an early age may have been "double genedose" EOD's [46] . The term MODY should probably not be used to describe such families, and it should be restricted to families in which there is dominant inheritance of a disease presenting at age less than 25 years in the majority of family members [47] . Families with dominantly inherited MODY must be clearly distinguished from those with EOD for linkage analysis.
Definition of normality and disease
The diagnosis of diabetes still rests on an arbitrary cut off figure for plasma glucose both fasting and after a glucose load. The day to day variability of the oral glucose tolerance test is very large (coefficient of variation approximately 30%) and this means that both false positive and false negative diagnoses are possible [48] . The WHO criteria for diabetes [49] , i.e. fasting plasma glucose greater than 7.8 mmol/l with a 2 h post-prandial glucose of greater than 11.1 mmol/l may be appropriate for epidemiological studies; but may not be sufficiently sensitive to detect early glycaemic abnormalities in at-risk members of a family. In linkage analysis it is a less serious error to diagnose an affected individual as normal, as inclusion of age dependent penetrance factors allow the assumption that a certain number of individuals with a "diabetes gene" will remain unaffected until very late in life. Nevertheless, we pre-fer a less strict criterion for diabetes than WHO, and choose a fasting plasma glucose of greater than 6 mmol/l. This is still more than 3 standard deviations above the normal range, and has been used as the criteflon for entry into the UK Prospective Diabetes Study [50] . To define glucose intolerance, we have used the response to a continuous infusion of glucose of 5 mg-kg ideal weight-i. min-1 as this may have a lower coefficient of variation than an oral glucose tolerance test (unpublished observations). A 1 h glucose measurement above the mean + 2SD of a matched control group (9.3 mmol/l at age 40 years) has been considered abnormal even in subjects with a fasting plasma glucose <6 mmol/l [51] . For linkage analysis a higher figure of + 2.5 or + 3SD (i.e. more than 9.7 or 10 mmol/l, respectively, at age 40 years) may be preferable. Cerasi, Luft et al. considered a low insulin response to glucose as being a genetically determined marker of diabetes [52] . However the amplitude of the insulin response is crucially related to insulin sensitivity, with thin people and/or athletes having low insulin responses and obese, inactive people having high insulin responses [53] . Until it is feasible to define the expected insulin response for a subject more precisely, the diagnosis of diabetes will continue to be primarily on glucose rather than insulin levels.
Family motivation
A crucial feature of any linkage analysis project is to obtain the co-operation of all family members. Type 2 diabetes is often undiagnosed, relatively mild symptomatically and is often not perceived as life threatening, resulting in low motivation of unaffected family members. This difficulty in obtaining family co-operation contrasts markedly with diseases like Duchenne muscular dystrophy and cystic fibrosis, where devastating consequences in young children often lead to enthusiastic assistance with studies.
Choice of genetic markers for study 411 cus, and these may not be detected among a large number of negative families.
Random polymorphic markers
The usefulness of a genetic marker is determined by the extent of its polymorphism. Highly variable region probes (HVRs) recognise specific stretches of non-coding DNA, the length of which vary due to a differing number of repeats of a basic core sequence. The polymorphism detected by HVRs is considerably greater than that found with probes which detect conventional RFLPs. Their potential in linkage analysis is exemplified by the success of the 3' alpha giobin HVR in localising adult polycystic kidney disease to the short arm of chromosome 16 [11] . Seventy-seven such HVR's have recently been generated by Nakamura and colleagues [59] . The widespread availability of such probes of known genetic localisation will greatly aid investigators in linkage analysis.
D NA finger printing
The "hypervariable minisatellite" probes first descibed by Jeffries et al. detect HVR's occuring throughout the genome [60] . The enormous variability of allele size at each locus combined with the large number of loci means each person has a characteristic "finger print" of DNA fragments. When DNA finger printing was described in 1985 it was considered that this technique would prove extremely valuable for linkage analysis [60] . Although the ability to examine up to 20 different genetic loci in one experiment is unique, it should be noted that DNA fingerprinting suffers from some serious limitations for disease linkage studies. Firstly it is not possible to discern which bands are allelic, and secondly, the chromosomal localisation of the bands is unknown. Nevertheless, if in a large pedigree a single band strongly segregates with a disease, this would make it worthwhile to clone the individual band to determine its genetic Iocalisation. A preliminary report from Kastern et al. has recently reported some success using DNA fingerprinting in rodent diabetes [61] .
Candidate genes
Probes for genes, the malfunction of which might conceivably lead to diabetes, are increasingly becoming available to the investigator. In several MODY [27, 54] and one Type 2 diabetic pedigree [55] there was no evidence of linkage between the insulin gene itself and diabetes. Other candidates such as the insulin receptor gene [56] , glucose transporter gene [57] and genes for various neuropeptides within the endocrine pancreas are all under investigation. It is important to be aware of the potential for heterogeneity. For instance, certain very rare forms of diabetes due to insulin gene mutations [58] will show close linkage to the insulin gene Io-
Possible strategies for Type 2 diabetes
It is apparent from the discussion above that the main problem faced by investigators concerned with the localisation of the genetic defect or defects underlying Type 2 diabetes is the ascertainment of families which are large enough to prove or disprove linkage. The following strategies are likely to be helpful:
Ascertain pedigrees through an elderly Type 2 diabetic' proband who has a living non-diabetic spouse
One could have a reasonable degree of certainty that testing their offspring, who would be aged approxi-mately 50 or 60 years, would allow fairly reliable categorisation into normal or glucose intolerant/diabetic subjects.
Find a particular sub-type of the disease which has an earlier age of onset and which may provide clues regarding the genetics of the more common disease
This has been used with success in Alzheimer's disease [16] . MODY is an example which has been investigated, but other sub-types of diabetes, e.g. specific insulin resistant states, should become available. It is possible that the genetic basis for MODY will be different from that of "common" Type 2 diabetes, although clinical heterogeneity can result from different molecular defects of the same gene as illlustrated by the different beta-haemoglobinopathies [62] .
A strategy which overcomes the difficulties of family ascertainment is the use of several affected sibling-pairs [63] The sharing of a specific allele more than would be expected by chance may suggest linkage, but this will then need to be tested in families. Although this method overcomes some of the problems of population association studies (in particular the problem of matching for ethnic background) the method is critically dependent for statistical power on highly polymorphic probes and is particularly susceptible to obfuscation by any genetic heterogeneity.
Most previous pedigree studies in diabetes have used simple linkage analysis assuming complete penetrance of the trait in all family members studied, irrespective of age. This is obviously not appropriate in a disease with a late age of onset. Modern linkage analysis computer packages such as LINKAGE enable age-dependent penetrance to be taken into account [64] . This can either be taken from the age-specific prevalence data for the population as a whole or, if the family is large, it can be calculated from the age of onset distribution in the family. The latter is useful for MODY families where population data is lacking. As the number of available DNA probes increases, interval mapping [65] , a statistical technique which analyses linkage information from more than one probe simultaneously, will be useful. This allows more statistical certainty of linkage or non-linkage for any given number of informative matings and may be particularly applicable to disorders like diabetes where it may be difficult to find large multi-generation pedigrees.
Conclusions
From the lead given by the successes in other diseases, it is apparent that linkage analysis of genetic markers s. O'Rahilly et al.: Genetics of Type 2 diabetes in large well-defined families is likely to be the most fruitful approach to the search for genetic markers in Type 2 diabetes. The recent finding of a specific peptide forming the amyloid found in the diabetic islet may provide another candidate gene to test in this fashion [66] . The study of candidate genes such as this, and continuing study of random highly polymorphic markers should eventually enable diabetes susceptibility genes to be identified.
